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Introduction
At the request of the Bureau of Land Management (BLM), the U.S. Geological Survey (USGS) is releasing with this open-file report (OFR) a previously unpublished review and comparison of two numerical models for Tule Desert, Nevada. The original review was performed in spring 2013, and only minor editorial revisions were made in the current (2019) OFR for clarity and to reformat the original interagency correspondence to the USGS OFR template. No revisions have been made to the technical content of the original review for this OFR release. Report content presented in the purpose and scope statement, and all subsequent sections of the OFR, are original content submitted to BLM in May 2013. Model review and comparisons described in the following paragraphs are based on, in part, results of a long-term (more than 2 years) aquifer test mandated by Nevada State Engineer Order 1169. Additional information on Order 1169 and associated aquifer test results can be found at the State of Nevada Division of Water Resources website (State of Nevada, 2019).
Purpose and Scope
The purpose of this report is to evaluate the relative appropriateness of two existing groundwater-flow models for estimating drawdowns from proposed groundwater development in Tule Desert, Nevada. Mock (2008) and Tetra Tech (2012) developed the two existing groundwater models that will be referred to by the names of the developers, herein. Agreement between estimates from aquifer-test results and simulated transmissivities in Tule Desert and fidelity to conceptual models of groundwater flow in the study area (fig. 1) defined relative model appropriateness for estimating drawdowns from pumping four wells in Tule Desert. The scope of this review was limited to assessing relative appropriateness between two models and did not exhaustively review either model. A third regional groundwater-flow model, the Central Carbonate-Rock Province model (Southern Nevada Water Authority, 2009), was not compared because this model does not simulate flow in Tule Desert.
Measured and simulated transmissivity were compared because the spatial distribution of hydraulic diffusivity largely controls drawdown (Halford and Plume, 2011) . This is especially true where groundwater pumping is distant from discharge areas. Hydraulic diffusivity is the ratio of transmissivity divided by storage coefficient. Characterizing pumping responses with hydraulic diffusivity implies that an aquifer system is two-dimensional and vertical differences in drawdown are minor. This simplification is reasonable when analyzing drawdowns and groundwater capture that occur during decades of groundwater development. Agreement between numerical and conceptual models of groundwater flow in the study area also was considered because flaws in conceptualization affect hydraulic property estimates.
Storage coefficients were not compared because assigned values are similar in both models. Storage coefficients ranged between 0.02 and 0.19 and averaged 0.09 near Tule Desert hydrographic area in the Mock model. Storage coefficients ranged between 0.04 and 0.17 and averaged 0.12 near Tule Desert hydrographic area in the Tetra Tech model. These differences are slight relative to differences in transmissivity distributions in the two models. 
Aquifer-Test Results and Transmissivity Distributions
Transmissivity estimates from eight aquifer tests in Tule Desert ranged between 2 and 1,300 square feet per day (ft²/d; table 1; Feast, 2007) . Transmissivity generally decreased from south to north, where the lowest transmissivity was encountered in the northernmost well, MW-10 ( fig. 1 ). Transmissivity estimates from wells PW-1 and PW-2 were integrated across greater areas because more than 30 acre-feet (acre-ft) were produced from each well (Feast, 2007) . Cumulative production from wells MW-6, MW-7, and MW-10 was less than 0.1 acre-ft per well, and all transmissivity estimates were less than 50 ft²/d (table 1) .
Simulated transmissivity distributions were computed from each model, but approaches differed. Hydraulic properties were distributed with the layer-property flow (LPF) package in the Mock model and with the hydrogeologic-unit flow (HUF) and horizontal flow barrier (HFB) packages in the Tetra Tech model. Simulated transmissivity at a row and column of the Mock model was the summation of saturated thickness multiplied by the hydraulic conductivity in all layers ( fig. 2 ). Saturation was defined by the predevelopment water table. Simulated transmissivity at a row and column of the Tetra Tech model was the geometric mean of inter-cell transmissivities that were computed from row and column conductances ( fig. 3 ). Row and column conductances were used so that sampled transmissivities were affected by averaging hydrologic units and depth decay in the HUF package and conductance modification in the HFB package. 
Transmissivity, in feet squared per day
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Conceptual Model of Muddy River Springs and Responses to Pumping Well MX-5
The Muddy River Springs have been conceptualized as the southern terminus of the White River regional groundwater-flow system that extends more than 200 miles north to Long Valley (Eakin, 1966) . Groundwater flows through carbonate rocks beneath Coyote Springs Valley to Upper Moapa Valley where it discharges to the Muddy River Springs. This interpretation is supported by geologic controls, groundwater levels, water quality, and stability of discharge from Muddy River Springs (Eakin, 1966; Dettinger and others, 1995 1 and 2) .
The Tetra Tech model simulates predevelopment flow that agrees with Muddy River Springs being the southern terminus of the White River regional groundwater-flow system. The simulated water table compares well with measured water levels (Tetra Tech, 2012, figs. 6.2-1 and 6.2-2) and published potentiometic surfaces (Dettinger and others, 1995, plate 2) . The Tetra Tech model also is consistent with Muddy River Springs being the southern terminus because simulated transmissivity decreases orders of magnitude east of Muddy River Springs ( fig. 3) .
Hydraulic connections beneath Coyote Springs, Muddy Springs, Garnet Valley, and Hidden Valley hydrographic areas have been further characterized by pumping of well MX-5 in response to Order 1169 from the Nevada State Engineer (State of Nevada, 2013). Large-scale hydraulic testing was mandated by the State Engineer in response to known uncertainty about the distribution and extent of the carbonate-rock aquifer in these hydrographic areas. Pumping of well MX-5 was for staged groundwater development as stated on pages 3 and 4 of Order 1169, (Feast, 2007) and simulated transmissivities that were sampled from the Mock and Tetra Tech models. 4 . Comparison between transmissivity estimates from aquifer tests (Feast, 2007) and simulated transmissivities that were sampled from the Mock and Tetra Tech models.
"WHEREAS, because assurances that the adverse effects of development will not overshadow the benefits cannot be made with a high degree of confidence, development of the carbonate-rock aquifer system must be undertaken in gradual stages together with adequate monitoring in order to predict, through the use of a calibrated model, the effects of continued or increased development with a higher degree of confidence."
Well MX-5 was pumped during the period between September 2010 and December 2012, but regional drawdowns from pumping well MX-5 were obscured. This was because 31 other wells pump from the carbonate aquifer in Coyote Springs, Muddy Springs, Garnet Valley, and Hidden Valley hydrographic areas. These 31 wells are indentified in table 2 and have been grouped into three pumping centers: Q_CSI, Q_EAST, and Q_SOUTH (table 3; fig. 6 ). Average annual pumping rates from all wells in the study area ranged between 5,900 and 8,700 gallons per minute (gpm; fig. 7 ). Monthly pumping from all centers vary seasonally and typically fluctuate between 2,000 and 12,000 gpm. Q_EAST is the primary pumping center, which is 10 miles east-southeast of well MX-5 ( fig. 6 ) and seasonally pumps between about 3,000 to over 8,000 gpm ( fig. 7) . Monthly pumping from well MX-5 averaged 2,400 gpm and ranged between 0 and 3,600 gpm during the aquifer test.
Regional drawdowns from well MX-5 were differentiated in 15 observation wells by modeling water levels. Drawdowns from all 32 wells that pumped from the carbonate aquifer were simulated analytically with Theis transforms, where step-wise pumping records of discharge are transformed into water-level changes using multiple superimposed Theis solutions. The analytical solutions were solved and fitted to measured water levels with SeriesSEE (Halford and others, 2012) . Theis transforms can approximate drawdowns as well as the measurement resolution of transducers even in complex hydrogeologic systems (Garcia and others, 2013) . Water-level fluctuations from environmental stresses such as barometric changes, Earth tides, and regional trends were not simulated. Estimated drawdowns, regional pumping rates, and pumping rates from the 15 observation wells are summarized in appendix 1. Maximum drawdowns from well MX-5 approximately delineate where the carbonate aquifer is relatively transmissive ( fig. 1) . Drawdowns of more than 1 foot (ft) were detected 25 miles south and 9 miles east of well MX-5 in wells GV-1 and CSV-2, respectively. Drawdown was not detected 15 miles northeast of well MX-5 in well MW-1A, which is consistent with less transmissive rocks between wells CSV-2 and MW-1A. The delineated area of more transmissive rocks generally agrees with the transmissivity distribution in the Tetra Tech model ( fig. 3) and contradicts the transmissivity distribution in the Mock model (fig. 2) .
The Tetra Tech model better approximates the hydraulic diffusivity in Tule Desert and surrounding hydrographic areas than the Mock model and is more appropriate for estimating drawdowns from proposed groundwater development. This is because transmissivity estimates from aquifer tests in Tule Desert are more comparable to simulated transmissivities in the Tetra Tech model. The Tetra Tech model also honors a well-substantiated conceptual model of groundwater flow in the study area (Eakin, 1966; Dettinger and others, 1995) , whereas the Mock model does not. 
Simulated Drawdowns in Tule Desert
Drawdowns from pumping 6,000 acre-feet per year (acre-ft/yr) from Tule Desert during a 100-year period were simulated with the Tetra Tech model. Water was pumped from four wells that were mapped in a draft environmental assessment, DOI-BLM-NV-L030-2013-0006-EA (Bureau of Land Management, 2013). Well PW-2 exists, and the other three wells are proposed (table 4) . Pumping was distributed equally between the four wells and was pumped from layers 6, 7, and 8 with the multi-node well (MNW) package (Halford and Hanson, 2002) .
The maximum extent of simulated drawdowns greater than 10 ft was about 10 miles south and west of the pumping wells ( fig. 8) . Simulated drawdowns greater than 10 ft propagated less than 4 miles north and east of pumping well TWS-D because of decreases in transmissivity. Drawdowns greater than 100 ft were simulated beneath all of Tule Desert south of well TWS-D after pumping 600,000 acre-ft during the 100-year stress period. 10,000 20,000 METERS Transmissivity, in feet squared per day Less than 100 100 to 300 300 to 1,000 1,000 to 3,000 3,000 to 10,000 10,000 to 30,000 30,000 to 100,000 100,000 to 1,000,000 1,000,000 to 10,000,000 
